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To analyse the association in newborns between blood levels of phenylalanine and feeding
method and gestational age.
Study Design
This observational, cross-sectional study included a sample of 11,829 infants between
2008 and 2013 in a Spanish region. Data were recorded on phenylalanine values, feeding
method [breast, formula, mixed (breast plus formula), or partial or fully intravenous feeding],
gestational age in weeks (<32, 32–37,37), gender and days since birth at the moment of
blood collection. Outcomes were [phenylalanine] and [phenylalanine]95th percentile.
Associations were analysed using multivariate models [linear (means difference) and logis-
tic regression (adjusted odds ratios)].
Results
Higher phenylalanine values were associated with lower gestational age (p<0.001) and with
intravenous feeding (p<0.001).
Conclusion
The degree of prematurity and intravenous feeding influenced the plasma concentration of
phenylalanine in the newborn. Caution should be taken in [phenylalanine] for newborns with
intravenous feeding, monitoring them carefully. Very preterm infants given the recom-
mended amount of amino acids should also be strictly monitored. These findings should be
taken into consideration and call for adapting the amounts to the needs of the infant.
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Introduction
At birth once the umbilical cord is severed, the availability of amino acids (AA) for protein syn-
thesis is suspended [1]. As soon as the infant begins breastfeeding (natural nutrition), the
absorbed AA increase their plasma level and the high rate of protein turnover and synthesis
required for growth [2].
Term and preterm infants fed breast milk or formula with different protein concentrations
experience an increase in the total concentration of AA, depending on protein concentration
received [3,4]. Plasma levels of essential AA are also higher in formula-fed infants compared to
breast-fed infants [3].
In healthy individuals the intra-individual coefficient of variation for essential AA is lower
than for non-essential AA, suggesting a tighter homeostatic control for essential AA. Specifi-
cally, the average concentration of phenylalanine (Phe) in plasma is 63 μmol/L, with an intra-
individual coefficient of variation of 9.5% [5], with the variation in AA ranging from 12–32%
[4].
Most infant formulas have a protein content of about 2.2 g / 100 kcal (1.5 g/dL), higher than
that of breast milk (0.85 g/dL), so that protein intake in formula-fed infants is greater than that
in breast-fed infants [3], with a resulting increase and difference in the pattern of AA [6].
Plasma levels of Phe, therefore, are also higher in formula than in breast milk [7]. Phe and Thy-
roxine (Tyr) levels are up to 20% higher among formula-fed versus breast-fed infants [8].
These increases may be even higher in preterm infants, especially very preterm infants because
of possible metabolic immaturity and the use of formulas with increased protein to allow extra
weight gain to ensure normal growth [9,10], along with decreased catabolism of essential AA
caused by formulas rich in casein, as seen for Phe and Tyr [7]. Increases in nutritional AA in
the preterm infant are currently under discussion, as the growth of infants breast-fed during
the early stages is slower. Nevertheless, in the long term these infants experience fewer compli-
cations and a better development [11,12].
Neonatal screening was initiated with the study of phenylketonuria, resulting in improved
outcomes in association with a Phe-controlled diet. The concentration of Phe in blood of
healthy newborns is 50–110 μmol/L, while children with phenylalanine hydroxylase deficiency
show hyperphenylalaninemia of varying severity, with levels persistently above 120 μmol/L
[13]. In Spain, the cutoff established for the detection of hyperphenylalaninemia and phenylke-
tonuria is 150 μmol/L [14]. The correct interpretation of changes in AA levels is therefore
essential for prognosis, diagnosis and clinical monitoring of congenital metabolic disorders,
including hyperphenylalaninemia.
Although much has been published on the adaptation of diet to gestational age, not much
exists on the evaluation of the diet, gestational age and AA levels in the blood. Only extremely
high values in newborns with phenylketonuria or hyperphenylalaninemia fed parenteral nutri-
tion have been described [15]. Accordingly, we undertook a study to analyse this association.
Our hypothesis was that Phe values vary according to neonatal gestational age and feeding
method. We tested this hypothesis by calculating the expected values of Phe according to feed-
ing method and gestational age.
Materials and Methods
Study population
The study population comprised preterm infants born in the province of Alicante (Spain).
During the five-year study period, this region had about 16,000–18,000 births per year, of
which 6.75% were preterm (<37 weeks) [16].
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Study design and participants
We undertook an observational cross-sectional study between May 2008 and June 2013, select-
ing a sample of newborns in the province of Alicante. The sample consisted of all preterm
infants during this whole period and term infants born during the first six months of the study
period. Inclusion criteria also required: 1) a registration of Phe with dried blood samples
obtained on CF12 paper for neonatal screening for phenylketonuria and hyperphenylalanine-
mia; 2) informed consent for neonatal screening; 3) correctly completed record for the new-
born and blood sample in accordance with preanalytical quality criteria [17]; 4) Phe values
below 150 μmol/L (cutoff) [14]; and 5) the blood sample had to have been obtained within 14
days of birth (the reference timeframe for neonatal screening) [18].
Variables and measurements
The primary outcome variable was the concentration of Phe (μmol/L). This was obtained
through dried blood on paper with the fluorimetric method using the Neonatal Phenylalanine
(Perkin Elmer) kit (7.8% monthly inter-assay coefficient of variation, internal control near cut-
off). This variable was also assessed qualitatively: values in one group95th percentile and in
the other<95th percentile. Secondary outcome variables, which were measured at the time of
blood sample collection, included: days from birth to blood sample collection (>/ 7 days),
gender, feeding method [breast (human milk), formula, mixed (breast and formula), and par-
tial or fully intravenous feeding] [19], and gestational age group (<32, 32–37 and 37 weeks)
[20]. All variables were obtained through data collected on forms used for neonatal screening.
Sample Size
The sample size was 11,829 newborns. The objective was to test for independence between the
Phe groups (95th percentile) and the 4 feeding method groups (Pearson X2). As the sample was
collected prior to calculating the sample size, the power of this contrast was calculated. To
obtain an approximation of this value, a random sample of 1000 newborns was selected. Using
this value and assuming a significance level of 5%, the power of the test was close to 100% [21].
Statistical analysis
The descriptive analysis was performed using absolute and relative frequencies (qualitative var-
iables: gender, gestational age group, sample collection>7 days, and feeding method), as well
as means and standard deviations (quantitative variables: Phe values). A multivariate linear
regression model was implemented using the Phe concentration as the dependent variable and
all the secondary variables as explanatory variables. The goodness-of-fit of the model was
obtained by ANOVA and all the basic hypotheses were tested using graphical and/or statistical
tests. In addition, a logistic regression model was implemented using the Phe concentration
groups (95th percentile) defined above as the main variable and all the secondary variables as
explanatory variables. Thus, the adjusted odds ratios (OR) were obtained for a Phe concentra-
tion at or above the 95th percentile. Goodness-of-fit was assessed using the likelihood ratio test
and the predicted probabilities of the model for Phe95th percentile were calculated. Finally,
box plots with predicted probabilities and values of Phe were created to help interpret the
results.
All analyses were performed with a significance of 5% and confidence intervals (CI) were
calculated for each relevant parameter. The statistical package used was IBM SPSS Statistics
v19.
Phenylalanine and Special Nutrition in Newborns
PLOS ONE | DOI:10.1371/journal.pone.0138532 September 21, 2015 3 / 9
Ethical consideration
Data analysis of the neonatal screening programme was approved by the Ethics Committee of
the Valencian Community, and informed written consent of the newborn’s parent or guardian
was obtained, in compliance with current legislation in medical ethics. The study is included in
the neonatal screening programme.
Results
The final sample consisted of 11,829 newborns. The descriptive characteristics are shown in
Table 1. The proportion of feeding method was: breast, 54.5%; mixed, 25.3%; formula, 17.5%;
intravenous, 0.5%. The gestational age was<32 weeks in 4.1% of the children.
Quantitative multivariate analysis of Phe (Table 1) showed statistically significant
(p<0.001) differences in gestational age groups, feeding method, and days to sample collection.
Compared to the term infants, those with a gestational age<32 weeks had an average Phe con-
centration 22.87 μmol/L higher, and those with a gestational age between 32 and 37 weeks
11.70 μmol/L higher. The infants who required partial or fully intravenous feeding also had a
higher average concentration of Phe (12.93 μmol/L). Finally, children whose blood sample was
collected more than 7 days after birth also had a higher Phe concentration (mean of 3.27 μmol/
L).
Qualitative analysis of the concentration of Phe (95th Percentile) (Table 1) showed that a
high concentration of Phe was significantly (p<0.001) associated with a lower gestational age
(w) (37!OR = 1; 32–37!OR = 6.71, 95% CI: 4.99–9.03, p<0.001;<32!OR = 21.04, 95%
CI: 14.43–30.69) and with partial or fully intravenous feeding (OR = 2.69, 95% CI: 1.48–4.90).
These results are shown in Figs 1 and 2.
Discussion
This study shows differences in the Phe concentration in relation to gestational age and new-
born feeding method. These differences existed at both mean values and high values (95th
Table 1. Quantitative and qualitative analysis of phenylalanine values (μmol/L).
Adj. OR for
Total B for Phe values Phe  95th percentile
Variable n = 11,829 (95% CI) p-value (95% CI) p-value
Male gender 6,141(51.9) 0.43 (-0.41,1.27) 0.318 0.96 (0.81,1.14) 0.636
Gestational age (w):
37 4,702(39.7) 0 1
32–37 6,578(55.6) 11.70 (10.77,12.63) <0.001 6.71 (4.99,9.03) <0.001
<32 487(4.1) 22.87 (20.56,25.18) <0.001 21.04 (14.43,30.69) <0.001
Collection >7 d 632(5.3) 3.27 (1.39–5.14) 0.001 0.88 (0.64,1.20) 0.422
Feeding method:
Breast 6,447(54.5) 0 1
Mixed 2,998(25.3) -0.04 (-1.10,1.03) 0.948 1.09 (0.89,1.33) 0.419
Formula 2,073(17.5) -0.24 (-1.45,0.94) 0.690 1.22 (0.98,1.53) 0.074
Partial or fully 64(0.5) 12.93 (7.19,18.67) <0.001 2.69 (1.48,4.90) 0.001
intravenous
Abbreviations: Adj. OR, adjusted odds ratio; CI, conﬁdence interval; w, weeks; d, days. Goodness-of-ﬁt of the models: ANOVA, F = 135.26 p<0.001;
likelihood ratio test, 430.73 p<0.001.
doi:10.1371/journal.pone.0138532.t001
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Percentile). For gestational age, the Phe concentration grew with the degree of prematurity.
Furthermore, children who required partial or fully intravenous feeding showed the highest
levels of Phe. These associations can be seen in Figs 1 and 2.
Our results show that Phe values did not depend on the feeding method, unless partial or
fully intravenous feeding was required, in which case the Phe concentration was higher. This
contradicts previous studies which found increases of up to 20% in plasma AA in formula-fed
infants compared with breast-fed infants. However, these studies are older and not only have
formulas evolved but the studies did not consider the influence of the degree of prematurity
[3,7]. In our study, significantly higher values of Phe were observed in infants requiring partial
or fully intravenous feeding compared to the others, probably because of the state of health of
the newborn, which required the introduction of parenteral nutrition, which in turn contains
greatly increased nutrients, and proteins in particular, in order to aid growth and weight gain
[22]. This same situation has been reported in an infant with phenylketonuria who presented
outrageously high levels with a parenteral diet [15]. The infants born after 32–37 weeks of ges-
tational age, and especially those born at<32 weeks of gestation, tended to depend more on
partial or fully intravenous feeding, due to their inherent anatomical and functional bowel
immaturity and the high risk of necrotizing enterocolitis [10]. This feeding method is a way to
provide a safe level of nutrient intake and to reduce morbidity and mortality, as well as ensure
neurocognitive and psychomotor development similar to term children [23,24]. No uniform
criteria exist for the amount of protein that partial or fully intravenous feeding should contain;
Fig 1. Phenylalanine values according to gestational age and feedingmethod in newborns. Phe, phenylalanine; w, weeks.
doi:10.1371/journal.pone.0138532.g001
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the LSRO (Life Sciences Research Office) proposes that the protein intake range in preterm
children should be between 3.4 and 4.3 g/kg/day [25]; the European Society of Paediatric
Gastroenterology (ESPGHAN) recommends protein intakes depending on birth weight [26].
Specifically, the hospital setting for this study followed the recommendation of not exceeding
4.0 g/kg/day [11,27], in order to achieve a linear increase in weight gain in the newborn [24].
As these are established recommendations, similar to those for nasogastric feeding, we have to
monitor strictly newborns on parenteral feeding,
The variations found in Phe concentration according to the gestational age group were
highly significant, increasing as the gestational age decreased, with the highest values in very
preterm infants. These results are congruent with those of other screening studies [28]. Fur-
thermore, these infants very frequently present lung immaturity and complications such as
neonatal respiratory distress syndrome, where elevated Phe levels have also been observed,
probably due to decreased activity of phenylalanine hydroxylase caused by the depletion of its
cofactor tetrahydrobiopterin [29].
Concerning the gender of the newborn, the findings showed no variation in plasma AA.
However, the number of days between birth and sample collection was influential, with Phe
levels being significantly higher in children who had the sample taken after the first week of
life; this is in line with other studies [9,12].
Fig 2. Predicted probability of atypical phenylalanine (95th Percentile) according to gestational age
and feedingmethod in newborns. Phe, phenylalanine; w, weeks.
doi:10.1371/journal.pone.0138532.g002
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This study shows that neonatal screening of aminoacidopathies using new technologies can
be of great interest, increasing our understanding of the variability in AA values in blood and
the possible modifying factors. Future application of these findings in the practice of infant
nutrition may be interesting, given the large number of subjects involved.
Strengths and limitations of the study
The main strength of this study is that it is the first (as far as we are aware) to analyse the differ-
ences in Phe concentrations in newborns according to the method of feeding and the gesta-
tional age, thus making the results novel. Moreover, the statistical power used with the sample
was close to 100%, whereas most studies use values between 80% and 90% [21].
Regarding the limitations of the study, to minimize information bias, validated and cali-
brated equipment was used to obtain the Phe values, although this technology is now undergo-
ing radical changes since the introduction of tandem-mass technology, which allows the
quantification of virtually all AA. All other variables were obtained from the clinical record of
the newborn, so we have to assume a possible information bias. Concerning selection bias,
rather than taking a random sample of term infants, we used a determined period of time for
collection. However, no variation was found in the average Phe values during the study period.
Finally, we were not able to add the Phe levels of those infants who scored positively for the
PKU screening as their data were not provided by the Ethics Committee. It would be interest-
ing to study whether there is a legitimate concern for toxic Phe levels in our population e.g. by
a follow up study.
Conclusion
The degree of prematurity and intravenous feeding influenced the newborn plasma Phe con-
centration. Higher concentrations were not uncommon in very premature infants during intra-
venous feeding.
Supporting Information
S1 Dataset. Database with the study variables.
(XLS)
Acknowledgments
The authors thank the Neonatal Screening Unit of the General University Hospital of Alicante,
and also Catherine Nicholls Baeza and Ian Johnstone for help with the English language ver-
sion of the text.
Author Contributions
Conceived and designed the experiments: EC PS AP VB HMMJ MMR VFG. Performed the
experiments: EC PS HM. Analyzed the data: AP EC. Contributed reagents/materials/analysis
tools: PS HM. Wrote the paper: EC PS AP VB HMMJ MMR VFG.
References
1. Kalhan SC, Bier DM. Protein and amino acid metabolism in the human newborn. Annu Rev Nutr. 2008;
28: 389–410. doi: 10.1146/annurev.nutr.28.061807.155333 PMID: 18393660
2. Medina JM, Vicario C, Juanes MC, Fernández E. Biochemical adaptations to early extrauterine life. In:
Herrera E, Knopp RH, editors. Perinatal Biochemistry. Boca Raton, FL, US: CRC Press, Inc, 1992. pp
234–253.
Phenylalanine and Special Nutrition in Newborns
PLOS ONE | DOI:10.1371/journal.pone.0138532 September 21, 2015 7 / 9
3. Moro G, Minoli I, BoehmG, Georgi G, Jelinek J, Sawatzki G. Postprandial plasma amino acids in pre-
term infants: influence of the protein source. Acta Paediatr. 1999; 88: 885–889. PMID: 10503690
4. Fingerhut R, De Jesus Silva Arevalo G, Baumgartner MR, Haberle J, Rohrbach M, Figueroa AW, et al.
Postprandial changes of amino acid and acylcarnitine concentrations in dried blood samples. J Inherit
Metab Dis. 2010; 33: S235–239. doi: 10.1007/s10545-010-9167-6 PMID: 20652412
5. Corte Z, Venta R. Biological variation of free plasma amino acids in healthy individuals. Clin Chem Lab
Med. 2010; 48: 99–104. doi: 10.1515/CCLM.2010.008 PMID: 19929754
6. Rassin DK. Essential and Non-Essential Amino Acids in Neonatal Nutrition. In: Räihä NCR, editor. Pro-
tein Metabolism During Infancy. Volume 33. New York, NY, USA: Raven Press; 1994. pp 183–192.
7. Darling PB, Dunn M, Gilani GS, Ball RO, Pencharz PB. Phenylalanine kinetics differ between formula-
fed and humanmilk-fed preterm infants. J Nutr. 2004; 134: 2540–2545. PMID: 15465744
8. Scott PH, Sandham S, Balmer SE, Wharton BA. Diet-related reference values for plasma amino acids
in newborns measured by reversed-phase HPLC. Clin Chem. 1990; 36: 1922–1927. PMID: 2242570
9. Beath SV. Hepatic function and physiology in the newborn. Semin Neonatol. 2003; 8: 337–346. PMID:
15001122
10. Llanos A, Mena P, Uauy R. Tendencias actuales en la nutrición del recién nacido prematuro. Rev Chil
Pediatr. 2004; 75: 107–121.
11. HayWW, Thureen P. Protein for preterm infants: how much is needed? Howmuch is enough? How
much is too much? Pediatr Neonatol. 2010; 51: 198–207. doi: 10.1016/S1875-9572(10)60039-3 PMID:
20713283
12. Quigley MA, Henderson G, Anthony MY, McGuire W. Formula milk versus donor breast milk for feeding
preterm or low birth weight infants. Cochrane Database Syst Rev. 2007; ( 4): CD002971.
13. Blau N, van Spronsen FJ, Levy HL. Phenylketonuria. Lancet. 2010; 376: 1417–1427. doi: 10.1016/
S0140-6736(10)60961-0 PMID: 20971365
14. Marín Soria JL, Aldamiz-Echevarria L, Castiñeiras Ramos DE, Dalmau Serra J, Fernández Sánchez A,
González Lamuño D, Juan Fita MJ, Jiménez Jimenez LM, Pérez–Cerdá C. Programas de cribado neo-
natal en España: Actualización y propuestas de futuro. SEQC; 2009.
15. Lin HJ, Kwong AM, Carter JM, Ferreira BF, Austin MF, Devarajan K, et al. Extremely high phenylalanine
levels in a newborn on parenteral nutrition: phenylketonuria in the neonatal intensive care unit. J Perina-
tol. 2011; 31: 507–510. doi: 10.1038/jp.2010.207 PMID: 21712831
16. Cortes Castell E, Rizo-Baeza MM, Aguilar Cordero MJ, Rizo-Baeza J, Gil Guillén V. Maternal age as
risk factor of prematurity in Spain; Mediterranean area. Nutr Hosp. 2013; 28: 1536–1540. doi: 10.3305/
nh.2013.28.5.6500 PMID: 24160212
17. Espada M, Dulín E. Procedimiento para la obtención de especímenes de sangre sobre papel de filtro
en los Programas de Detección Precoz Neonatal de Errores Congénitos del Metabolismo. Quim Clin.
2001; 20: 81–88.
18. Conselleria de Sanitat (Generalitat Valenciana). Programa de Cribado Neonatal de Enfermedades
Congénitas en la Comunidad Valenciana. Available: http://publicaciones.san.gva.es/publicaciones/
documentos/V.4285-2011.pdf. 2011.
19. Cortés E, Roldan AM, Palazón-Bru A, Rizo-Baeza MM, Manero H,Gil-Guillén VF. Differences in immu-
noreactive trypsin values between type of feeding and ethnicity in neonatal cystic fibrosis screening: a
cross-sectional study. Orphanet J Rare Dis. 2014; 9: 166. doi: 10.1186/s13023-014-0166-9 PMID:
25377995
20. Rellan S, García de Ribera C, Aragón MO. El recién nacido prematuro. Protocolos Diagnóstico Tera-
peúticos de la AEP: Neonatología. 2008. Available:http://www.aeped.es/sites/default/files/
documentos/8_1.pdf. Accessed April 2015.
21. Chow SC, Wang H, Shao J. Sample Size Calculations in Clinical Research. Boca Raton, FL, US:
Chapman & Hall/CRC Biostatistics Series; 2007.
22. Morisaki N, Belfort MB, McCormick MC, Mori R, Noma H, Kusuda S, et al. Brief parenteral nutrition
accelerates weight gain, head growth even in healthy VLBWs. PloS One. 2014; 9: e88392. doi: 10.
1371/journal.pone.0088392 PMID: 24586323
23. HeineWE. Qualitative aspects of protein in human milk and formula: Amino acid pattern. In Räihä
NCR, editor. Protein metabolism during infancy. New York, NY, US: Raven Press; 1994. pp 121–128.
24. Ziegler EE. Meeting the nutritional needs of the low-birth-weight infant. Ann Nutr Metab. 2011; 58
Suppl 1: 8–18. doi: 10.1159/000323381 PMID: 21701163
25. Klein CJ. Nutrient requirements for preterm infant formulas. J Nutr. 2002; 132: 1395S–1577S. PMID:
12042465
Phenylalanine and Special Nutrition in Newborns
PLOS ONE | DOI:10.1371/journal.pone.0138532 September 21, 2015 8 / 9
26. Agostoni C, Buonocore G, Carnielli VP, De Curtis M, Darmaun D, Decsi T, et al. Enteral nutrient supply
for preterm infants: commentary from the European Society of Paediatric Gastroenterology, Hepatology
and Nutrition Committee on Nutrition. J Ped Gastroenterol Nutr. 2010; 50: 85–91.
27. Embleton ND, Simmer K. Practice of parenteral nutrition in VLBW and ELBW infants. World Rev Nutr
Diet. 2014; 110: 177–189. doi: 10.1159/000358466 PMID: 24751629
28. Zaffanello M, Maffeis C, Zamboni G. Multiple positive results during a neonatal screening program: a
retrospective analysis of incidence, clinical implications and outcomes. J Perinat Med. 2005; 33: 246–
251. PMID: 15914349
29. Ploder M, Neurauter G, Spittler A, Schroecksnadel K, Roth E, Fuchs D. Serum phenylalanine in
patients post trauma and with sepsis correlate to neopterin concentrations. Amino Acids. 2008; 35:
303–307. PMID: 18163176
Phenylalanine and Special Nutrition in Newborns
PLOS ONE | DOI:10.1371/journal.pone.0138532 September 21, 2015 9 / 9
